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1

Active Galactic Nuclei and Very High Energy Gamma Rays
In the observed universe, Active Galactic Nuclei (AGN) are the brightest and most intense

objects we know of. The light signatures produced by AGN are often variable, and change
dramatically over time. Before astronomers had an understanding of the unknown signals,
they coined the term quasi-stellar object, and later changed it to quasar. Quasars contain a
supermassive black hole, surrounded by large amounts of materials caught in the black hole’s
gravity. Known as the accretion disk, the material spirals inwards on a plane, and is heated to
very high temperatures. On both poles perpendicular to the accretion disk, two jets of gas and
other materials are accelerated to near the speed of light in the quasar’s efforts to release energy.
The particles in the jets give off very energetic synchrotron radiation, which is why these are
the brightest objects in the universe. When the jets are oriented in such a way that they point at
the Earth, these Active Galactic Nuclei are known as blazars.
Synchrotron radiation and inverse Compton scattering are the result of fast moving charged
particles in the jet interacting with the black hole’s magnetic fields. The photons produced range
from radio signals to very high energy gamma rays. AGN radiate gamma rays with energies up
to hundreds of TeV, which are some of the highest energy photons seen in nature.
The physical processes that produce these very high energy photons in the jet of an AGN
are actively studied, as well as the nature of the supermassive black hole itself. VERITAS, short
for Very Energetic Radiation Imaging Telescope Array System, is a telescope array in Arizona
that specializes in detecting the high energy gamma radiation produced by blazars. Figure 1 is

Figure 1: VERITAS’ four telescopes at the Whipple Observatory.
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an image of the telescope array[1]. VERITAS spends a great deal of time pointed at the Crab
Nebula, a very bright and constant gamma ray source in the Milky Way.
In this paper, we explore new methods in analyzing gamma ray data. By utilizing the Crab
nebula and gamma ray simulations, we test how effective implementing a new quality selection
cut would be. The main purpose of this is to optimize the signal to noise ratio in the data by
getting rid of more background, while still keeping signal.
1.1

Crab Nebula
The Crab Nebula is a pulsar located in the Milky Way. It formed from the remnants of

a star that went supernova, was visible to the naked eye in 1054 AD. The hot materials that
surround the mass emit light of all energies with a very high flux. Figure 2 shows a composite
photograph of the Crab nebula[2]. The photo consists of X-ray light from Chandra, optical
light from the Hubble telescope, infrared light from Spitzer, radio signal from VLA, and ultraviolet light from XMM-Newton. VERITAS takes Crab data often because the steady stream
of gamma rays provide an excellent calibration for the telescope. The data is then be used to
gauge the relative brightness of other objects, and to test gamma ray statistics and reconstruction
techniques.

Figure 2: A composite photo of the Crab nebula from the Chandra X-Ray observatory.
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2

VERITAS: Experimental Design
VERITAS is located at the Fred Lawrence Whipple Observatory in southern Arizona. It

was completed in 2007, and began taking data the same year. It consists of four Cherenkov telescopes that each have 12 meter optical reflectors, and a very sensitive optical camera. Cherenkov
telescopes collect Cherenkov radiation emitted by high energy charged shower particles in the
atmosphere. Figure 3 shows a telescope in a Cherenkov light cone[3]. The camera is the most
sensitive to very high energy gamma rays, ranging from 50 GeV to 50 TeV.
When Cherenkov light from a shower is incident on the telescopes, the mirrors reflect the
light back up to the focal point of the dish. The camera, consisting of 499 photomultiplier tube
pixels, captures the reflected photons as an image. Each pixel records a charge, which is determined by the number of photoelectrons produced. Figure 4 shows the number of photoelectrons
per pixel in one camera during a shower event. This particular event comes from a Crab data
set from 2013. The image shows how the telescope collects the Cherenkov light created by a
gamma ray shower. Each pixel is shown as a colored circle, and the number of photoelectrons
in the pixel is given by the color scale.
Because the telescopes are separated by a distance on the ground, they do not all collect the
same image. In general, each telescope detects a different side of a gamma ray shower. Figure
5 shows the same event from Figure 4, but including all four telescopes. Each telescope collects
a different pool of light for the same shower. The event occurs at different orientations to the
telescopes, so light captured will vary from camera to camera. The shape and orientation of
the light pool in each telescope is dependent on it’s position in the shower. To determine the
characteristics of the gamma ray that produced the shower, further investigation on the statistics
of the event is conducted.
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Figure 3: A diagram of how a gamma ray interacts in the atmosphere, and what a telescope detects.

Figure 4: The number of photoelectrons per pixel during a Crab shower event.

6

Figure 5: The number of photoelectrons per pixel during a Crab shower event in each telescope.

2.1

Quality Selection
The analysis begins by characterizing the image in each telescope. The width and length of

the image are a good way to distinguish gamma rays from a large background of cosmic rays.
Cosmic ray showers cause most events captured by the cameras, but typically display different
characteristics than gamma rays. Mean-scaled width and length are two statistical parameters
calculated to distinguish between cosmic ray and gamma ray showers. These are measures of
the dimensions of the shower in the telescope. The cosmic ray showers are typically wider and
longer than a gamma ray shower, so cutting out events above a certain mean-scaled width and
length gets rid of most of the background noise.
The mean-scaled width and length, or MSW and MSL, are cut at 1.1 and 1.3, respectively.
At these values, the cuts remove about 15% of gamma ray showers, and a very large fraction
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Figure 6: The ON and OFF regions selected when analyzing a targeted source.

of background. However, there are still cosmic rays that pass these cuts, and contribute a
troublesome background to the analysis. There are other cuts, such as θ2 , which removes events
that come from a different part of the sky than the targeted source.The θ2 parameter comes from
the ring background method utilized during the data analysis.
The telescopes observe the source off-center, as shown in Figure 6, where the center of the
circle is the source location. A ring is drawn around the source, shown by the red region. These
are known as the ON and OFF regions, respectively. Events that come from the OFF region is
not from the target source, and are used to estimate the background in the ON region. Another
important statistical parameter, the reduced chi-squared or χ̃2 , is not cut on, but could help cut
out poorly reconstructed events.
2.2

Calculating χ̃2
Each event is processed by comparing the pools of light to templates of gamma ray air

showers that hit the Earth’s surface at different angles, energies, and positions. In order to understand the gamma ray that produced the measured shower, an algorithm interpolates between
simulated showers with similar features to the data to predict the number of photoelectrons de8

tected by the photomultiplier tubes. The reduced chi-squared, χ̃2 , is a measure of how closely
the interpolated template matches the data. The equation for χ̃2 is given by

χ̃2 =

1 X (Nsim − Ndata )2
,
2
N pixels
δdata

(1)

where Nsim and Ndata are the number of photoelectrons in each pixel in the interpolated
template and data respectively, δdata is the uncertainty in Ndata , and N is the number of pixels.
The statistical purpose of χ̃2 is to determine the template that best represents the data. Theoretically, this should take on a value of one, which represents a statistically perfect match between
the numerator and the denominator.
The ITM, or image template model, algorithm tests how the χ̃2 changes as a function of five
parameters that include elevation, azimuth, ground position, and energy[4]. By minimizing the
χ̃2 over each of these parameters, the algorithm selects the optimal parameters. Figure 7 shows
how the χ̃2 changes as a function of energy. There is a clear point on the energy scale where the
χ̃2 is at its minimum, which is the measured gamma ray energy.
The template comes from a simulation with specific values for the five gamma ray parameters. From the template’s parameters, we deduce the best parameter values for the original
gamma ray that produced the event. Figure 8 shows the shower data and the template prediction. The scaling on both color bars are the same, and show the number of photoelectrons in
each pixel. The algorithm selected this as the best representation of the data, but there are still
some statistical discrepancies between the two. In the data, there are some pixels in the middle
of the shower that are darker red than the corresponding pixels in the template. This is common
trend seen in the optimized χ̃2 , and causes the calculated χ̃2 to sway higher than one for the
majority of events.
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Figure 7: A semi-log plot of Energy (TeV) versus χ̃2 .

Figure 8: The raw data captured by the camera, and the fitted template prediction chosen by the algorithm
for a Crab event.

3

Developing a χ̃2 Cut
After reconstruction, each event in a given data set has an associated χ̃2 . Cosmic ray showers

are processed in the same way as a gamma ray showers. We first look at the differences in the
χ̃2 between gamma rays and cosmic rays that give insight on their differences.

10

3.1

Crab Nebula
Figure 9 shows the χ̃2 for observations of the Crab nebula in the ON and OFF regions of the

sky. This particular data set is an accumulation of 48 different Crab observation runs taken in
2013. The events included in the histograms have passed θ2 , mean-scaled length, and relaxed
mean-scaled width cuts. The ON counts are nearly all gamma rays, but still contain background
cosmic rays. The OFF counts are nearly all cosmic ray background. The mean χ̃2 for the ON
counts sits at a value of about 2.2. As previously discussed, the ideal χ̃2 for an event is a value
near one, which shows the templates chosen to represent the data is not a perfect match. Despite
the high average, the tails of the two histograms display some interesting properties that may
motivate a cut on the χ̃2 .
The OFF histogram has a mean χ̃2 slightly higher than that of the ON histogram. This is
because the OFF counts contains nearly all cosmic rays, while the ON counts are almost all
gamma rays. We conclude that cosmic ray showers have a larger χ̃2 , on average, than gamma
rays.

Figure 9: The Fitted χ̃2 for On and Off counts in a sample of Crab observation runs.
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3.2

CORSIKA/GRISUDET Simulations
In addition to data, we analyzed the χ̃2 for simulated gamma ray showers, as well. Because

cosmic rays are not simulated, it provides a good understanding of what is expected statistically
from gamma ray events.
The CORSIKA simulations are gamma ray shower event simulations that VERITAS utilizes
to model the analysis of real gamma rays. Each shower is simulated from the moment the
gamma ray enters the atmosphere to when the telescope captures it. The GRISUDET package
simulates how a given shower will be captured by the cameras. By combining the simulations,
gamma rays are traced from when they enter the atmosphere until the data is digitized and store
for future analysis. In Figure 10, two histograms are overlaid on the same axis. Here, the x-axis
is χ̃2 and the y-axis is the number of simulated gamma rays. This analysis is performed using
simulations for events at a Zenith angle of 0. The blue histogram is the simulated ON counts,
which are all well reconstructed gamma rays. The black is the simulated OFF counts, which are
poorly reconstructed gamma rays with angles off source. The OFF count histogram is scaled to
match the total number of the ON counts.
Both histograms in Figure 10 show a mean χ̃2 of around 2.2. This is consistent with the
Crab data set from before. For other Zenith angles, the mean is similar, as shown in Table 1.
This confirms that a χ̃2 larger than 1 is reasonable for gamma rays.
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Figure 10: The Fitted χ̃2 for On and Off counts in a sample of simulated events.

Zenith Angle
0
20
30

χ̃2 Peak
2.194
2.153
2.115

Table 1: χ̃2 peaks for different CORSIKA/GRISUDET simulation Zenith angles.

3.3

Proposed χ̃2 Cut
In both the simulations and Crab data, the tail of the OFF counts histogram contains more

counts per bin than the ON counts histogram above a χ̃2 of about 2.5. Omitting reconstructed
events in this region cuts out more background than gamma rays. This is expected to improve
the signal to noise in the data. The ratio
P
Nχ̃2 >x
r= P
,
N
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(2)

for both ON and OFF counts provides insight as to where the optimal χ̃2 cut might be. The
numerator in Equation 2 is the number of events above a χ̃2 of x, and the denominator is the
total number of events.
Table 2 below, shows the ratios for different values of x in the Crab data set. These ratios
show the fraction of events lost due to the proposed cut. For each χ̃2 , more background than
signal is lost. At a value of 3.5, the ON and OFF ratios are 0.0980 and 0.165, respectively. From
this table, 3.5 seems to be a reasonable place to implement a cut. However, the most efficient
cut is determined by analyzing how the new event criteria effects the overall analysis of the
target source.
Table 3 shows how χ̃2 cuts change the overall significance of the targeted source. The
significance is the number of standard deviations the source is from the background. In this
analysis, data is taken from the Crab, which is much brighter than the sources VERITAS is
trying to discover. We recalculate the significance to match that of a dim source that is 1% as
bright as the Crab.
The optimal cut in this analysis is at a value of 4.5. When implemented in this data set, it
gave the most significance for a dim source at 2.714. This is not a very extraordinary boost in
significance, as the cut at 10 gives only a few hundredths less than the significance with a cut at
4.5.
x
5
4.5
4
3.5
3
2.5
2

rof f
0.0748
0.0924
0.112
0.165
0.225
0.267
0.385

ron
0.0174
0.0325
0.0505
0.0980
0.155
0.199
0.316

Table 2: Ratios from Equation 2 for ON and OFF counts in Crab data for various Nχ̃2 >x .
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χ̃2 Cut
10
9
8
7
6
5.5
5
4.5
4
3.5
3
2.5

Crab Significance
87.16
87.15
87.15
87.13
87.02
86.68
86.54
86.22
85.21
83.86
80.22
73.73

1% Crab Significance
2.683
2.689
2.697
2.702
2.707
2.697
2.702
2.714
2.684
2.672
2.565
2.403

Table 3: Statistical significance of the Crab data set as a χ̃2 cut is applied at various places.

3.4

Proposed χ̃2 Cut with Relaxed MSW
The χ̃2 cuts implemented in the previous section did not work as effective as we had hoped.

Before the events have to pass the χ̃2 limit, they must have passed the MSW and MSL cuts. As
previously stated, the standard MSW cut of 1.1 omits around 15% of gamma rays. In exchange
for a large noise reduction, the gamma rays lost take away from the significance of the source.
Figure 11 shows the MSW and χ̃2 for each event in a Crab sample. The left graph is OFF
events, and the right is ON events. The standard cut on MSW removes many events with χ̃2 ’s
that resemble that of gamma rays. Theoretically, a cut at a MSW of 1.3 removes no gamma
rays, but lets more cosmic rays through. In the figure, the MSW cut is relaxed, and the red
vertical line at 1.1 shows the events that are lost when a cut at 1.1 is applied. The red horizontal
line shows events that are omitted when the optimal χ̃2 of 4.5 is applied. Relaxing the MSW cut
to this value increases the number of cosmic and gamma rays that pass. As stated previously,
the χ̃2 for cosmic rays and gamma rays is different. The hope is that applying both of these cuts
will recover more gamma rays previously lost to a MSW cut, while still removing cosmic rays
in the χ̃2 cut.
Table 4 shows the ratios from Equation 2 calculated after relaxing the MSW cut 1.3. Similar
15

to before, this table shows that each χ̃2 cut would reduce more background than signal. Table 5
shows how the χ̃2 cuts effect the significance of a dim source. The optimal cut is at 4.5, where
the dim source significance is the highest. Relaxing the MSW cut reduced the significance by
a large amount compared to the previous analysis. The gain in cosmic ray events overpowered
the recovery of the lost gamma rays. The difference between background and gamma ray χ̃2 ’s
is not significant enough for the cut to efficiently reduce background cosmic rays.

Figure 11: The Fitted χ̃2 for On and Off counts in a sample of Crab events. The figure on the left shows
OFF events, and the figure on the right shows ON events.

x
5
4.5
4
3.5
3
2.5
2

rof f
0.0976
0.1303
0.1603
0.2351
0.311
0.3643
0.4904

ron
0.0187
0.034
0.0515
0.0977
0.155
0.2004
0.3198

Table 4: Ratios from Equation 2 for ON and OFF counts for various Nχ̃2 >x .
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χ̃2 Cut
10
9
8
7
6
5.5
5
4.5
4
3.5
3
2.5

Crab Significance
89.3
89.3
89.33
89.37
89.16
88.87
88.8
88.47
87.7
86.33
83.06
76.6

1% Crab Significance
2.440
2.445
2.451
2.459
2.458
2.450
2.461
2.473
2.463
2.454
2.388
2.256

Table 5: Statistical significance of the Crab data set as a χ̃2 cut is applied at various places.

3.5

Potential Issues with the Proposed Cut
As mentioned before, for both simulation and Crab data, the mean of the χ̃2 is around 2.2

instead of the expected value of 1 for a good reconstruction. This poses a potential issue when
attempting to cut on the χ̃2 , as background events that pass the mean-scaled width and length
cuts look very similar to gamma rays, and may not be so easily weeded out. Because the χ̃2
is calculated directly from the number of photoelectrons in each pixel of the camera, we know
that the algorithm is either choosing templates with too many or too few photoelectrons.
Figure 12 shows the same Crab event shown previously, except each pixel is colored by
how much it contributes to the sum in Equation 1 when calculating χ̃2 . In each telescope,
the red pixels are where the most contribution to the sum in χ̃2 comes from. These pixels
indicate that the templates do not perfectly match the data. These few pixels contribute enough
to double the values of χ̃2 . Figure 13 shows, in the same event, how many photoelectrons the
data has per pixel, and how many photoelectrons the template predicts per pixel. The black line
shows where the data and simulation would match perfectly. On average, the pixels show fewer
photoelectrons in the templates than the data. At this time, it is unclear why the minimum of
the χ̃2 is not consistent with a gamma ray with more photoelectrons.
17

Figure 12: The contribution of each pixel in a Crab event to the calculation of χ̃2 .

Figure 13: Photoelectron counts in the data and chosen templates.

4

Conclusion
The goal of this study was to find a new way to select good quality events for gamma rays

in order to reduce the signal to noise in the analysis. Unfortunately, the cut on the χ̃2 did not
18

work as well as we had hoped. Even after relaxing the standard mean-scaled width cut to 1.3,
our results still did not improve by much. Despite the lack of success, we found out a lot of new
information about the algorithm, and possible flaws with our analysis of gamma rays.
First, we discovered that, on average, gamma ray events and background noise that are
reconstructed have a χ̃2 of 2.2. Attempting to cut out background events using a parameter
that looks very similar for gamma rays and background is why this cut is not as effective as we
had hoped. However, this result led to the search for why gamma rays have a larger χ̃2 than
the expected value of 1. The previous section shows that the interpolated templates have fewer
photoelectrons in the center of the image than the data, which reveals a flaw in the algorithm.
Another important fact revealed from the study is that the mean-scaled width produces a
very efficient cut. Relaxing the MSW cut reduced the overall significance of a dim source by a
large amount, which shows the strength of the criteria.
The large χ̃2 that gamma rays have will be the first step in creating an effective cut. Once
the ability to discern background from signal χ̃2 ’s is achieved, an efficient cut may be able to
be implemented.
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